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Summary
Satellite cells are the primary stem cell in adult skeletal muscle that become
activated in response to hypertrophic stimuli, giving rise to myogenic progenitor cells
(MPCs) that reside within the extracellular matrix (ECM) surrounding myofibers. The
muscle ECM is largely composed of collagens secreted by fibrogenic cells, and
interaction between these cells and MPCs is necessary for proper regulation of the
ECM during myofiber growth. MPC-derived exosomes transfer miR-206 to fibrogenic
cells to down-regulate collagen expression through repression of Rrbp1, a master
regulator of collagen biosynthesis. The presence of MPCs during the first week of a
growth stimulus is sufficient to insure proper remodeling of the ECM and robust
myofiber hypertrophy. These findings provide further evidence of the important
interactions between stem cells and other cell types necessary for tissue maintenance
and adaptation.
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Introduction
During growth and repair, interactions between muscle stem cells, known as
satellite cells, and the extracellular matrix (ECM) in skeletal muscle are crucial for
muscle adaptation Satellite cells reside between the sarcolemma and basal lamina of
muscle fibers (Mauro, 1961), and upon activation, either self-renew or proliferate to give
rise to myogenic progenitor cells that are able to migrate into the ECM. Muscle ECM is
largely comprised of various collagen isoforms, secreted primarily by muscle fibroblasts
present in the interstitial space between fibers (Sanderson et al., 1986; Zou et al.,
2008). Several groups have shown that the interstitial muscle niche facilitates
activation of satellite cells following exposure to external stimuli associated with muscle
growth and repair (Barberi et al., 2013; Conboy and Rando, 2002; Le Grand et al.,
2009; Shea et al., 2010; Urciuolo et al., 2013). Specifically, the composition and
mechanical properties of the ECM regulate satellite cell activity and renewal (Calve et
al., 2010; Gilbert et al., 2010b). While evidence exists for muscle-mediated regulation
of ECM production (Braghetta et al., 2008), the role of activated satellite cells, and their
daughters, myogenic progenitor cells (MPCs), in the modulation of their extracellular
niche during muscle adaptation is largely unexplored.
Genetic depletion of satellite cells results in an increase in muscle ECM during
mechanical overload-induced hypertrophy (Fry et al., 2014), repair (Murphy et al.,
2011) and aging (Fry et al., 2015; Lee et al., 2015). Using the tamoxifen-inducible
Pax7-DTA mouse, we previously demonstrated that following 8-weeks of mechanical
overload of satellite cell-depleted muscle, hypertrophy was attenuated, accompanied by
3

a substantial increase in ECM content (Fry et al., 2014). Consistent with the significant
increase in ECM content, a wide array of collagen genes were overexpressed in
satellite cell-depleted muscle undergoing hypertrophy. Increased production of
collagens during growth and repair in muscle serves to provide scaffolding for nascent
muscle fibers and satellite cells (Kaariainen et al., 2000; Kjaer et al., 2006); however,
unchecked accumulation of muscle ECM impedes muscle repair and mechanical
function (Sato et al., 2003). Thus, the precise regulation of muscle ECM production is
necessary during periods of adaptation to insure optimal muscle function.
Our in vitro studies show that MPCs actively secrete factors that regulate muscle
fibroblast ECM gene expression that appear to be independent of the TGF-β pathway
(Fry et al., 2014). Intercellular communication is mediated through a number of different
mechanisms, with extracellular vesicles such as exosomes emerging as important
players in cell-to-cell communication (Kourembanas, 2015). Exosomes contain host
cell-derived RNA and protein and have been shown to be capable of transferring both
mRNA and miRNAs to target cells (Hergenreider et al., 2012; Valadi et al., 2007). Thus,
the secretion of exosomes by MPCs provides a heretofore unrecognized mechanism for
regulating the ECM production of fibrogenic cells during muscle remodeling. The
purpose of this study was to delineate the underlying mechanism by which MPCs
regulate their extracellular environment during hypertrophy, thereby identifying a novel
role of activated satellite cells in skeletal muscle remodeling.
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Results
Satellite cell depletion does not affect fibrogenic cell abundance during the early
phases of hypertrophy.
The excessive accumulation of ECM following 8 weeks of mechanical overload in
satellite cell-depleted muscle is associated with increased abundance of Tcf4+ primary
fibrogenic cells isolated from muscle; however, in vitro co-culture of Tcf4+ cells with
MPCs did not affect their proliferation (Fry et al., 2014). To determine if increased
collagen gene expression that is observed early during overload is due to increased
fibrogenic cell content (Fry et al., 2014), muscle was analyzed following one and two
weeks of mechanical overload in response to synergist ablation (SA) surgery, as
outlined in Figure 1A. Tamoxifen treatment resulted in greater than ~90% satellite cell
depletion (SC-Dep) compared to vehicle (SC-WT) which did not affect growth at 1 week
(SA1) or 2 weeks (SA2) (Figure S1), consistent with our previous work (Fry et al., 2014;
McCarthy et al., 2011). As shown in Figure 1, Tcf4+ cells increased in response to
overload in both satellite cell-depleted and wild type muscle (representative image,
Figures 1B quantified in Figure 1F). No difference in Tcf4+ cell number nor
myofibroblast differentiation was apparent, the latter identified by α smooth muscle actin
(αSMA) expression (representative image Figure 1C, overlayed with Tcf4 staining in
Figure 1E). Only a small percentage of Tcf4+ cells were also αSMA+ (Figure 1G). By 8
weeks, the number of fibrogenic cells was beginning to decline, but remained elevated
in satellite cell-depleted muscle (Figure 1H). Thus, as suggested from in vitro data (Fry
et al., 2014), MPCs appear to interfere with fibrogenic cell collagen gene expression
5

early during hypertrophy so that in the absence of MPCs, fibrogenic cell collagen gene
expression increases, with no significant effect on fibrogenic cell number or state of
differentiation.
microRNAs present in MPC exosomes down-regulate fibrogenic cell collagen
expression
We previously demonstrated increased muscle collagen content in satellite cell-depleted
mice and a negative effect of MPCs on muscle fibrogenic cell collagen gene expression
in vitro (Fry et al., 2014). In that study, elevated collagen gene expression was not
associated with increased SMAD phosphorylation, suggesting that TGF-β signaling,
known to promote muscle fibrosis, was not responsible. Similarly, in the current study,
pSMAD+ nuclei were not increased in satellite cell-depleted compared to wild type
muscle (representative image Figure S2A, quantified in Figure S2B). We hypothesized
that MPCs communicate with fibrogenic cells through an exosome-mediated
mechanism. To test this hypothesis, exosomes were isolated from MPC conditioned
media (CM), which was confirmed using western blot analyses of proteins enriched in
exosomal membranes compared to fibrogenic cells and MPCs (Figure S2C). Figure 2A
shows that MPC CM and MPC CM-derived exosomes down-regulate the expression of
mRNAs encoding the three most abundant collagens in muscle and fibronectin in
primary skeletal muscle fibrogenic cells. Whereas fibrogenic cell CM had no effect on
collagen gene expression, exosomes isolated from MPC CM and added to fibrogenic
cell CM resulted in the down regulation of collagen 1, 3 and 6 and fibronectin gene
expression. These data extend our previous observations that MPCs participate in
paracrine-mediated regulation of fibrogenic cell collagen expression (Fry et al., 2014).
6

Delivery of MPC exosome content to fibrogenic cells was demonstrated by labeling
exosomal RNA with acridine orange, and then culturing labeled MPC exosomes with
fibrogenic cells. The appearance of labeled RNA within fibrogenic cells began 2-4 hr
after culture with labeled MPC exosomes, demonstrating the docking of MPC exosomes
and delivery of their contents to fibrogenic cells (Figure 2B). Exosomes represent a
relatively new mechanism of cellular communication, and exosomes from donor cells
have been shown to initiate changes in the phenotype of target cells (Bang et al., 2014),
including fibroblasts (Webber et al., 2010).
Exosomes have been demonstrated to contain miRNAs (Bang et al., 2014), which
negatively regulate target mRNA stability and/or translation (Pillai et al., 2007; ValenciaSanchez et al., 2006). Additionally, miRNAs contained in exosomes can explicitly
down-regulate target cell mRNA expression (Umezu et al., 2014). To test the
hypothesis that miRNAs packaged in exosomes are responsible for MPC-mediated
regulation of fibrogenic cell collagen production, primary MPCs were isolated from adult
skeletal muscle of the Pax7CreER/+;Dicerfl/fl mouse, designated as Pax7-Dicer. The Pax7Dicer strain allows for the specific and conditional depletion of miRNAs in satellite cells.
Treatment with tamoxifen activates Cre recombinase only in satellite cells driven by the
Pax7 promoter, which induces deletion of the RNase III domain of the Dicer gene,
effectively eliminating Dicer-mediated processing of precursor miRNAs in satellite cells.
Following in vitro treatment of MPCs from Pax7-Dicer mice with either 4-OH tamoxifen
or vehicle (Dicer cKO vs control, respectively, Figures 2C and D), exosomes were
isolated and miRNA expression, as well as Dicer mRNA, quantified. Exosomes isolated
from Dicer cKO MPCs showed efficient Dicer knockdown (93%) and a 75-85% depletion
7

of miRNA levels based on miR-206, -709 and -133a expression as compared to vehicletreated control MPC exosomes (Figure 2C). Importantly, similar levels of miRNA
depletion in satellite cells have been reported to have a physiological effect (Cheung et
al., 2012). Incubation of muscle fibrogenic cells with exosomes isolated from control
MPCs resulted in the down-regulation of fibrogenic cell collagen mRNA expression
compared to those in which miRNAs were depleted (Dicer cKO; Figure 2D). Exosomes
contain a variety of molecules (Gross et al., 2012; Valadi et al., 2007), and the rescue of
fibroblast collagen mRNA expression following incubation with miRNA-depleted
exosomes provides strong evidence that miRNAs within exosomes are responsible for
MPC-mediated inhibition of fibrogenic cell collagen production.
From the above in vitro results, we predicted that the tamoxifen-treated Pax7-cKO Dicer
mouse would phenocopy the Pax7-DTA mouse, demonstrating impaired long term
growth and increased ECM accumulation. On the contrary, following 8 weeks of
overload, myofiber CSA (Figure 2E) and ECM accumulation (Figure 2F) were similar in
Dicer cKO compared to control muscles. This was unexpected given that satellite cells
were significantly depleted following 8 weeks of overload in the absence of Dicer activity
(Figure 2G). However, during the first week of overload, satellite cell abundance
increased through day 6 (SAd6, Figure 2H), but then demonstrated a significant decline
by day 9 (SAd9, Figure 2H). This is consistent with the work of the Rando laboratory
showing the necessity of Dicer for proper satellite cell maintenance (Cheung et al.,
2012) and suggests that activated satellite cells/MPCs are particularly important in
regulating the ECM early during the growth response, which we next directly tested (see
Figure 5).
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MPC exosome-derived miR-206 regulates fibrogenic cell collagen expression
through ribosomal binding protein 1
qRT-PCR miRNA microarray analysis was performed on RNA isolated from muscle
Tcf4+ primary fibrogenic cells, MPCs and MPC exosomes to identify highly expressed
miRNAs in MPC exosomes with potential to impact fibrogenic cell collagen expression.
Criteria used for candidate identification included miRNAs that were highly expressed in
both MPCs and MPC exosomes, in addition to being expressed at a low level in
fibroblasts, so that if the putative miRNA were delivered from an MPC exosome to a
muscle fibrogenic cell, it could have a physiological effect. Table 1 shows the list of
miRNAs that meet the above criteria; the complete list of all profiled miRNAs from the 3
samples is presented in Supplemental Table 1. Not surprisingly, strong candidates
included various muscle-specific miRNAs (Kim et al., 2006); in particular, miR-206 was
highly abundant in both MPCs and MPC exosomes with a 10 Ct lower expression in
muscle fibrogenic cells (Table 1). Further, miR-206 expression has been shown to
increase 7 fold as satellite cells become activated (Cheung et al., 2012).
Muscle fibrogenic cells cultured with MPC exosomes had a 50% increase in the cellular
content of miR-206 (Figure 3A), providing evidence for delivery of the muscle-specific
miRNA to fibroblasts in vitro. TargetScan was used to generate a list of predicted and
confirmed targets of miR-206 (Supplemental Table 2). Ribosomal binding protein 1
(Rrbp1) demonstrated a very strong context score, and is a master regulator of collagen
biosynthesis (Ueno et al., 2010). Additionally, the expression of Rrbp1 was increased
nearly 2 fold following 1 week of overload in satellite cell-depleted muscle
(Supplemental Table 3), so we selected it for further study. Rrbp1 is highly expressed
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and necessary for secretory activity in cells such as fibroblasts (Benyamini et al., 2009;
Ueno et al., 2010); knockdown of Rrbp1 levels leads to a dramatic decrease in
procollagen biosynthesis in fibroblasts (Ueno et al., 2010). Following culture of
fibrogenic cells with MPC exosomes, we found no change in Rrbp1 mRNA expression
but did observe a decrease in Rrbp1 protein content (Figure 3B-C). However, direct
transfection of a miR-206 mimic into muscle Tcf4+ fibrogenic cells resulted in a
significant decrease in both Rrbp1 mRNA (Figure 3D) and protein content (Figure 3E).
To demonstrate direct miR-206 regulation of Rrbp1, we cloned the Rrbp1 3’
untranslated region (UTR), containing the predicted miR-206 binding site, downstream
of the luciferase gene. Luciferase activity was effectively down-regulated following
transfection of miR-206 mimic into 3T3 fibroblasts (Figure S3A). Mutation of the miR206 seed sequence within the Rrbp1 3’-UTR (Rrbp1m, Figure S3A) resulted in no
decrement in luciferase activity following transfection with miR-206 mimic,
demonstrating the specificity of the predicted miR-206 binding site. A schematic of miR206 regulation of Rrbp1 expression is seen in Figure S3B with mutated nucleotides
bolded.
The transfection of miR-206 mimic into fibrogenic cells negatively regulated the
expression of Col1a2, Col3a1, Col6a2 and fibronectin (Figure S3C). We then sought to
determine if decreased Rrbp1 content would negatively regulate fibroblast collagen
mRNA levels. Following transfection of Rrbp1 siRNA, we achieved significant
knockdown of both Rrbp1 transcript (Figure S3D) and protein (Figure S3E) in fibrogenic
cells. The knockdown of Rrbp1 resulted in significantly decreased Col1a2 and Col6a2
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expression (Figure S3F), with the decrease in Col3a1 expression nearly reaching
significance (P = 0.06; Figure S3F).
Knockdown of miR-206 abolishes the effect of MPC exosomes on fibrogenic cell
Rrbp1 and ECM gene expression.
To demonstrate the specificity of MPC exosome-derived miR-206 in the regulation of
fibrogenic cell ECM biosynthesis, we transfected a miR-206 antago-miR into MPCs,
achieving efficient knockdown of endogenous MPC miR-206 levels, while not affecting
the expression of other miRNAs (Figure 3F). Exosomes isolated from miR-206depleted MPCs also demonstrated strong knockdown of miR-206 (Figure 3F). Coculture of fibrogenic cells with miR-206-depleted MPC exosomes did not affect Rrbp1
mRNA expression (Figure 3G), but eliminated the down regulation of Rrbp1 protein
expression, providing evidence for the specificity of miR-206 in mediating the effects of
MPC exosomes (Figure 3H). Co-culture of miR-206-depleted MPC exosomes with
fibrogenic cells resulted in higher expression of Col1a2, 3a1 and 6a2, as well as
fibronectin compared to MPC exosomes (Figure 3I), providing further evidence for the
specific role of MPC exosome-derived miR-206 in the regulation of fibrogenic cell ECM
expression.
Satellite cell-depletion is associated with reciprocal expression changes in miR206 and Rrbp1 levels, coupled with increased collagen expression
We next sought to determine whether the miR-206/Rrbp1 regulatory mechanism
identified in vitro was negatively impacted in our in vivo mouse model of satellite cell
depletion. Using the Pax7-DTA mice strain, we hypothesized that miR-206 and Rrbp1
11

would be differentially expressed during acute mechanical overload with satellite celldepletion. First, to determine the temporal expression changes of Rrbp1 and a panel of
collagen transcripts, we analyzed a microarray database consisting of a high-density of
sampling time points following mechanical overload in C57Bl6 mice (GSE47098)
(Chaillou et al., 2013). As shown in Figure S4, the peak expression change for all
abundant collagens occurred 7 to 10 days following mechanical overload. Similarly,
Rrbp1 expression also peaked 7 days following mechanical overload (Figure S4 inset).
We previously reported microarray data from Pax7-DTA mice demonstrating the
expression of various collagen isoforms is significantly higher 7 days following
mechanical overload in satellite cell-depleted animals (Fry et al., 2014). Thus, we
focused on acute time points following mechanical overload to determine whether the
pattern of miR-206 and Rrbp1 expression was consistent with the interaction validated
in fibrogenic cells.
The satellite cell pool was either depleted (SC-Dep) or maintained (SC-WT) prior to
mechanical overload and plantaris was collected after one week (SA1) or two weeks
(SA2) of synergist ablation (Pax7+ satellite cell counts for the muscles are presented in
Figure S1 and Tcf4+ fibrogenic cell counts in Figure 1). In response to mechanical
overload, miR-206 increased by 3-fold at SA1 and 2.7-fold at SA2 in SC-WT animals;
however this increase was completely abolished in the SC-Dep animals (Figure 4A).
These findings suggest that not only is miR-206 skeletal muscle-specific, but in addition,
is highly enriched in satellite cells. Next, we sought to determine whether the loss of
miR-206 expression in SC-Dep animals resulted in a concomitant increase in Rrbp1
levels. Rrbp1 mRNA levels increased in both SC-WT and SC-Dep animals in response
12

to mechanical overload; however, SC-Dep animals demonstrated significantly greater
Rrbp1 mRNA expression levels (~48% at SA1 and ~29% at SA2) relative to SC-WT
(Figure 4B). At the protein level, Rrbp1 was ~247% higher in SC-Dep animals (Figure
4C), consistent with our transfection experiments indicating that miR-206 primarily
regulates Rrbp1 at the level of translational inhibition (Figure 3B-E).
Our findings suggest that the loss of miR-206 upon depletion of satellite cells relieves
the repression of miR-206 on Rrbp1 during mechanical overload. In vitro, we
demonstrated that the specific knockdown of Rrbp1 in fibrogenic cells decreases
collagen mRNA levels (Figure S3F). Therefore, we hypothesized that this increase in
Rrbp1 levels at SA1 and SA2 in SC-Dep animals would also be associated with
overexpression of collagen mRNA levels, and further, providing a potential mechanism
underlying the aberrant ECM accumulation in mechanically-overloaded, satellite celldepleted muscle (Fry et al., 2014). We reasoned that this substantial accumulation of
collagen would likely be a result of mis-regulated expression of the most abundant
collagen isoforms. Thus, we chose to focus on Col1a2, Col3a1 and Col12a1 which are
highly abundant in skeletal muscle and demonstrated a significant upregulation in
response to mechanical overload (Figure S2). Consistent with our in vitro (Figure S3F)
and microarray findings (Fry et al., 2014), increased Rrbp1 expression in SC-Dep
animals is associated with higher expression of Col1a2, Col3a1 and Col12a1 following
mechanical overload compared to SC-WT animals (Figure 4D-F). No effect of satellite
cell depletion was observed on collagen expression levels in sham-treated animals
(Figure S5), which is in line with the dramatic remodeling of the ECM that occurs during
the first week of overload (Figure S4). These findings are consistent with the model that
13

an activated satellite cell/MPC-mediated miR-206/Rrbp1 interaction in muscle fibrogenic
cells governs the global expression of collagens to facilitate appropriate ECM
remodeling. This interaction between MPCs and muscle fibrogenic cells has been
suggested in the remodeling process that follows muscle injury (Murphy et al., 2011).
Loss of satellite cells during muscle regeneration results in mis-regulation of muscle
fibroblasts, resulting in a pronounced increase of connective tissue within the muscle
(Murphy et al., 2011). We propose that this is a result of a miR-206/Rrbp1-dependent
mechanism, as miR-206 is also dramatically upregulated in models of muscle
regeneration (Liu et al., 2012).
Tamoxifen treatment of Pax7-DTA mice at SA1 effectively depletes MPCs and
attenuates nuclear accretion
It is clear this model of mechanical overload results in significant ECM remodeling, as
even SC-WT animals experience increased collagen expression and ECM accumulation
(Fry et al., 2014). Peak expression changes for miR-206, Rrbp1, Col1a2, Col3a1 and
Col12a1 all occurred at Day 7 (SA1) following mechanical overload (Figure 4A-B, D-F;
Figure S4), therefore, we reasoned that perhaps the regulation of Rrbp1 by miR-206 is
most critical during this acute period of ECM remodeling. Results from the Pax7-cKO
Dicer mouse also suggest that the presence of activated satellite cells early during
growth can have a significant impact on long term growth and ECM accumulation (see
Figures 2G and H). We hypothesized that the activation of satellite cells to generate
MPCs and their secretion of exosomes containing miR-206 is critical during the first
week of mechanical overload, and their presence only during this time period would be
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sufficient to facilitate appropriate ECM remodeling and prevent excessive accumulation
of ECM.
To test the hypothesis that activated satellite cells/MPCs are only necessary during the
first week of mechanical overload in order to properly regulate collagen expression,
Pax7-DTA animals were mechanically overloaded, followed by depletion of the satellite
cell pool at SA1 (SC-DepSA1) (Figure 5A). Treatment with tamoxifen during a period
when satellite cells are activated and proliferating (Figure S1) still allowed for the
significant depletion of the satellite cell pool at SA8 (Figure 5B and C). Importantly,
despite the increase in Pax7+ cell number at one week, minimal fusion had occurred,
resulting in significantly less nuclear accretion at SA8 in SC-DepSA1 animals relative to
SC-WTSA1 (Figure 5D). These results are consistent with previous work demonstrating
that minimal nuclear accretion occurs within the first 7 days of mechanical overload
(Bruusgaard et al., 2010). Using this paradigm, we tested whether normal satellite cell
activation and proliferation during onset of ECM remodeling was sufficient to rescue the
negative hypertrophic phenotype observed when satellite cells are absent (Fry et al.,
2014).
Activated satellite cells/MPCs are required for appropriate ECM remodeling
during the acute phase of mechanical overload to facilitate myofiber growth
Our data indicate that depletion of activated satellite cells during the early onset of
mechanical overload (i.e. SA1) results in mis-regulated expression of various collagen
isoforms (Figure 4D-F). We hypothesized that the presence of activated satellite
cells/MPCs specifically during this period would permit their regulation of ECM
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remodeling, resulting in robust hypertrophy of the fibers without increased fibrosis with
prolonged overload.
In Figure 5E, when satellite cells are depleted prior to the onset of hypertrophy there is
a significant increase in ECM content at SA8 (SC-WT vs SC-Dep). However, when
activated satellite cells remain during the first week of overload (SA1), and then are
depleted, the excessive ECM accumulation is prevented (SC-WTSA1 vs SC-DepSA1).
Using Sirius Red staining to quantify collagen-specific content (Figure 5F), we found
that depletion of satellite cells prior to mechanical overload surgery resulted in
increased collagen content, relative to the normal increase that occurs in response to
mechanical overload (Figure 5G). Conversely, allowing activation and expansion of the
satellite cell pool during the first week, followed by depletion, was effective at preventing
excessive collagen accumulation observed when satellite cells are depleted prior to
overload surgery (Figure 5G). These findings provide strong evidence that activated
satellite cells/MPCs are actively involved in regulating their extracellular niche during the
early phases of mechanical overload.
Next, we wanted to determine whether rescuing the fibrotic phenotype facilitated robust
myofiber hypertrophy, which we demonstrated is attenuated with elevated ECM content
(Fry et al., 2014). By rescuing the fibrotic phenotype, hypertrophic growth at the whole
muscle level was restored (Figure 5H). At the level of the myofiber, when activated
satellite cells/MPCs were depleted after one week of overload (SA1), hypertrophy
occurred to the same degree as those animals with their full complement of satellite
cells (SC-WTSA1 SA8 vs SC-DepSA1 SA8) (Figure 5I). These finding suggest that the
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over-accumulation of ECM, as opposed to the lack of myonuclear accretion, may
ultimately limit myofiber hypertrophy in satellite cell-depleted muscle.
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Discussion
During muscle adaptation, the ECM undergoes substantial remodeling which
influences satellite cell activity (Urciuolo et al., 2013). The biochemical composition and
stiffness of the extracellular niche can directly impact satellite cell self-renewal and
expansion (Gilbert et al., 2010a; Montarras et al., 2005; Urciuolo et al., 2013). Satellite
cells contribute to the composition of the local microenvironment (El Fahime et al.,
2000; Guerin and Holland, 1995), and our data show that MPC-mediated regulation of
the muscle ECM is essential during muscle hypertrophy. Direct modulation of fibrogenic
cell ECM production allows activated satellite cells/MPCs to exert an additional measure
of “self-regulation” of their own fate (Kuang et al., 2008).
Functional overload of the plantaris induces robust remodeling of the ECM
(Chaillou et al., 2013), and during the first week of overload, ECM remodeling displays a
similar expression profile as that of freeze injury to muscle (Warren et al., 2007).
Although early ECM remodeling during regeneration and hypertrophy are similar,
hypertrophy and regeneration are distinct processes, with different satellite cell
requirements (McCarthy et al., 2011). It is interesting to speculate a role for MPC
exosomes and miR-206 specifically in the remodeling of the ECM during regeneration;
expansion of the ECM occurs following BaCl2 injection in satellite cell-depleted muscle
that is associated with expansion of Tcf4+ fibrogenic cells (Murphy et al., 2011). miR206 is known to be involved in the regulation of satellite cell behavior and muscle
regeneration (Chen et al., 2010; Liu et al., 2012), with the loss of miR-206 negatively
affecting regeneration (Liu et al., 2012). However, evidence also exists that miR-206 is
dispensable for muscle regeneration (Boettger et al., 2014). In the current study, we
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observed an expansion of Tcf4+ cells with overload that was unaffected by satellite cell
depletion, suggesting that ECM synthesis increased on a per-cell basis in the absence
of MPC-derived miR-206.
Regulation of fibrogenic cell collagen and fibronectin expression was
accomplished through modulation of Rrbp1 by MPC exosome-derived miR-206 in vitro.
Although over-expression of miR-206 in fibrogenic cells resulted in decreased Rrbp1
mRNA and protein levels, co-culture and exosome delivery of miR-206 appeared to
regulate Rrbp1 primarily at the level of translation. Rrbp1 is involved with the localization
of a subset of mRNAs to the endoplasmic reticulum in a ribosome-independent manner
to assist in the translation of mRNAs and secretion of various protein products (Cui et
al., 2012). Our findings show that Rrbp1 regulates collagen expression at both the
mRNA and protein levels. Previous work from Ueno and colleagues showed Rrbp1mediated regulation of collagen protein expression (Ueno et al., 2010). While that
report showed only a trend for decreased collagen and fibronectin mRNA abundance
following Rrbp1 knockdown, results of their knockdown experiments were highly
variable, which may have masked their ability to detect a statistically significant effect at
the mRNA level (Ueno et al., 2010).

An additional difference between our studies is

that our results explore regulation of physiological versus chemically-induced collagen
expression (Ueno et al., 2010). Differences also exist in the time fibroblasts were
harvested following transfection for RNA analyses. While the precise mechanism
through which Rrbp1 regulates collagen mRNA expression remains to be determined, it
is clear that Rrbp1 is capable of affecting collagen mRNA stability and translation
following overload in muscle.
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In the current study, we utilized mechanical overload as a model to delineate the role of
MPC-mediated ECM remodeling during adaptation. Significant remodeling of the ECM
occurs during the first week of overload, and both the Pax7-DTA and Pax7-Dicer cKO
mice show that MPCs are crucial during this first week, when collagen mRNA
accumulation begins to rise, in order to limit ECM deposition long term. During later
stages of hypertrophy, MPC activity appears dispensable, suggesting alternative
regulatory mechanisms contribute to ECM homeostasis during later stages of growth.
Currently, it is unclear whether MPC-regulation of the extracellular environment is
directed at permitting myofiber hypertrophy, or rather, that effective hypertrophy is
secondary to maintaining a symbiotic relationship between the extracellular niche and
MPCs themselves. Satellite cells are known to regulate their own microenvironment via
intrinsic production of ECM components (Bentzinger et al., 2013; Brohl et al., 2012),
with our results indicating a novel mechanism through which activated satellite
cells/MPCs possess the capability to modulate collagen expression in neighboring
fibrogenic cells. A model of this is presented in Figure 6.
In clinical conditions characterized by reduced satellite cell activity, such as
muscular dystrophy and aging, excessive fibrosis occurs, which in turn impairs muscle
adaptation (Alnaqeeb et al., 1984; Brack et al., 2007; Mann et al., 2011; Stedman et al.,
1991). Furthermore, these conditions are associated with an increased stiffness of the
muscle (Rosant et al., 2007; Stedman et al., 1991), which negatively affects satellite cell
behavior (Engler et al., 2004). Satellite cells are direct participants in the development
of a fibrotic muscle environment (Alexakis et al., 2007). Intriguingly, the depletion of
miR-206 exacerbates the dystrophic phenotype in mdx mice (Liu et al., 2012), offering
20

further support for our MPC-miR-206 model of muscle ECM remodeling. Finally, the
genetic depletion of satellite cells exacerbates the age-related increase in muscle ECM
(Fry et al., 2015; Lee et al., 2015), providing further support that activated satellite
cells/MPCs are key participants in the remodeling of their extracellular environment.
We propose that MPCs directly regulate their surrounding ECM composition during
remodeling via exosome-mediated regulation of fibrogenic cell ECM production,
providing a novel mechanism to explain the fibrotic pathogenesis associated with other
conditions (i.e. muscular dystrophy, aging) in which satellite cell activity is compromised.
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Experimental Procedures
Animal Studies
All animal procedures were conducted in accordance with institutional guidelines for the
care and use of laboratory animals, as approved by the Institutional Animal Care and
Use Committee of the University of Kentucky. Mice were housed in a temperature- and
humidity-controlled room and maintained on a 14:10 hour light: dark cycle with food and
water ad libitum. All experiments were performed on ~4-month-old mice. To induce
Cre recombination, mice were administered an intraperitoneal injection of tamoxifen (2
mg/d), or vehicle control (15% ethanol in sunflower seed oil), for 5 consecutive days.
The Pax7-Nwasp strain was used to manipulate satellite cell fusion, the Pax7-Dicer
strain was used to deplete satellite cells of mature microRNAs, and finally, the Pax7DTA strain was used to specifically deplete the satellite cell pool.
Cell Culture Studies
Detailed procedures have been published previously (Fry et al., 2014; Hidestrand et al.,
2008). MPCs were cultured in growth media + (GM+; DMEM [Mediatech/Corning,
Manassas, VA] + 20% fetal bovine serum [Atlanta Biologicals, Flowery Branch, GA] +
basic Fibroblast Growth Factor [5ng/ml] [Millipore, Temecula, CA]) and fibrogenic cells
in GM- (DMEM + 20% fetal bovine serum). Fibrogenic cells were characterized by their
near-uniform expression of Tcf4 (Figure S6A-D). MPCs were characterized by their
expression of MyoD, with greater than 97% of cells expressing MyoD (Figure S6E-H).
Conditioned media was collected following a 24 hr conditioning period. Exosomes were
isolated from MPC CM with the ExoQuick-TC kit (Systems Biosciences, San Francisco,
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CA) according to manufacturer instructions. Transfection of primary fibrogenic cells and
NIH 3T3 fibroblasts was accomplished using Lipofectamine 2000 (Life Technology)
according to manufacturer instructions. Primary fibroblasts were harvested for RNA and
protein 24 hr following transfection, and luciferase activity of 3T3 cells was measured 24
hr following transfection.
Statistical analysis
A two-way ANOVA, one-way ANOVA or student’s paired t-test was performed to
determine whether a significant interaction existed between factors for each dependent
variable under consideration. Data that demonstrated a non-normal distribution was
log-transformed. Significance was set at P ≤ 0.05.
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Figure Legends
Figure 1. Depletion of satellite cells does not influence fibrogenic cell expansion
or myofibroblast differentiation during the first two weeks of overload. A)
Experimental schematic for conditional depletion of satellite cells using the Pax7-DTA
mouse strain. Following tamoxifen or vehicle treatment and a two week washout,
plantaris muscle was mechanically overloaded using synergist ablation for either one
(SA1) or two (SA2) weeks. Representative images of a SC-Dep muscle cross-section at
SA1 illustrating immunohistochemical identification of (B) Tcf4+ (green); (C) α smooth
muscle actin (αSMA) + (orange) cells. Blood vessels (white arrows) are strongly
αSMA+, serving as a positive control. D) DAPI staining of nuclei. E) Merged image of
Tcf4, αSMA and DAPI staining in the SC-Dep muscle cross-section. The orange
arrowhead in B-E identifies a rare Tcf4+/αSMA+ myofibroblast. Scale bar=20 µM. F)
Quantification of Tcf4+ fibrogenic cells in SC-WT and SC-Dep skeletal muscle at
baseline (sham), SA1 and SA2. † denotes significant difference from sham; p <0.05 (N
= 5 mice/group). G) Quantification of percentage of Tcf4+ cells that also express αSMA
in SC-WT and SC-Dep skeletal muscle at baseline (sham), SA1 and SA2. † denotes
significant difference from sham; p <0.05 (N = 5 mice/group). H) Quantification of fold
change in Tcf4+ fibrogenic cells in SC-WT and SC-Dep skeletal muscle at baseline
(sham) and SA8. † denotes significant difference from sham; ‡ denotes main effect of
SC-Dep; p <0.05 (N = 6 mice/group). All data presented as Mean ± SEM.

Figure 2. Dicer deletion affects myogenic progenitor cell (MPC) exosomemediated regulation of fibrogenic cell ECM mRNA accumulation in vitro and MPC
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viability in vivo. A) Primary fibrogenic cell collagen and fibronectin mRNA expression
following culture for 24 hr in control medium, fibrogenic (Fb) conditioned medium (CM),
MPC CM, and Fb CM + MPC exosomes. * denotes significant effect of MPC CM/MPC
exosomes; p < 0.05 (N = 3-5 isolates studied in duplicate). B) Primary fibrogenic cells
containing acridine orange-labeled RNA from MPC exosomes. Scale bar = 50 μm. C)
Select Pax7-Dicer MPC exosome miRNA expression levels following vehicle (Control)
or tamoxifen treatment to conditionally knock out (cKO) dicer activity. * denotes
significant effect of Dicer cKO; p < 0.05 (N = 2 isolates studied in duplicate). D) Primary
fibrogenic cell collagen mRNA expression. * denotes significant effect of Dicer cKO; p <
0.05 (N = 3 isolates studied in duplicate). Quantification of E) average cross-sectional
area, F) α-wheat germ agglutinin (WGA) stained area as a percent of total muscle
areas, and G) Pax7+ satellite cells in the plantaris from Dicer cKO and Control SA8
muscle. Dashed red line in E and F indicates sham values. * denotes significant
difference between Dicer cKO and Control; p < 0.05 (N = 4 animals/group). H)
Quantification of satellite cell content in Dicer cKO and Control skeletal muscle during
days 3 (SAd3), 6 (SAd6) and 9 (SAd9) of overload. * denotes significant difference
between WT and cKO within the respective group; † significant increase relative to
sham condition within that respective time point; p < 0.05 (N = 3 animals/group/time
point). All data presented as Mean ± SEM.

Figure 3. Myogenic progenitor cell (MPC) exosome-derived miR-206 regulates
fibrogenic cell collagen expression through ribosomal binding protein 1 (Rrbp1)
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Primary fibrogenic cell A) miR-206 content, B) Rrpb1 mRNA abundance and C) Rrbp1
protein content. * significant effect of MPC exosomes; p < 0.05. Primary fibrogenic cell
D) Rrbp1 mRNA content and E) protein content. * denotes significant effect of miR-206
transfection; p < 0.05. F) MPC and MPC exosome miRNA content following
transfection with antagomiR-206. Primary fibrogenic cell G) Rrbp1 mRNA abundance,
H) Rrbp1 protein content and I) collagen and fibronectin mRNA abundance. * denotes
significant effect of miR-206 depletion by antagomiR (anti-206) on MPC exosome
effects; p < 0.05 (For all experiments, N = 3 independent primary cell isolates studied in
duplicate). All data presented as Mean ± SEM.

Figure 4. Depletion of satellite cells results in lower miR-206 expression and
higher Rrbp1 and collagen expression in vivo during the early phases of
mechanical overload.
A) miR-206 expression levels. * denotes significant difference between SC-WT and SCDep within the respective time point; † significant increase relative to Sham condition
within that respective group; p < 0.05 (N = 6-11 animals/group/time point). B) Rrbp1
mRNA levels. ‡ denotes main effect for SC-Dep group; † denotes significant increase
relative to sham; p < 0.05 (N = 6-11 animals/group/time point). C) Quantification of
Rrbp1 protein levels at SA1 using western blot. * denotes significant difference between
SC-WT and SC-Dep; † main effect for surgery; p <0.05 (N = 7-8 animals/group). D)
Col1a2, E) Col3a1 and F) Col12a1 mRNA levels. ‡ denotes main effect for SC-Dep
group; p < 0.05; Col3a1 trend for significant main effect; P = 0.06 (N = 7-11
animals/group/time point).
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Data presented as Mean ± SEM. See also Figure S1 and Figure S5.

Figure 5. Presence of activated satellite cells/MPCs during the acute phase of
ECM remodeling prevents excessive ECM accumulation and promotes long term
growth. A) Experimental schematic for conditional depletion of activated satellite cells
following one week of mechanical overload (SC-DepSA1). Animals were mechanically
overloaded using synergist ablation or sham operated, and then treated with tamoxifen
or vehicle at SA1; sham or overload continued for an additional 7 weeks (Sham and
SA8, respectively). B) Immunohistochemical identification of Pax7+ satellite cells (red)
and laminin (green) in both SC-WTSA1 and SC-DepSA1 muscle cross-sections at SA8.
Scale bar=50 µM. Arrows identify Pax7+ cells, quantified in C). * denotes significant
difference between SC-WTSA1 and SC-DepSA1 within the respective time point; †
significant increase relative to Sham condition within that respective group; p < 0.05 (N
= 6-9 animals/group/time point). D) Quantification of the number of myonuclei in isolated
fibers per 100 µM fiber length in SC-WTSA1 and SC-DepSA1 animals. * denotes
significant difference between SC-WTSA1 and SC-DepSA1 within the respective time
point; denotes † significant increase relative to Sham condition within that respective
group; p < 0.05 (N = 5-8 animals/group/time point with data points from each animal
generated from 15-20 fibers). E) Quantification of α-wheat germ agglutinin (WGA) area
as a percent of total muscle area. Data are presented as the fold-difference from the
Vehicle Sham condition within each experimental paradigm. * denotes significant
difference between SC-WT and SC-Dep within the respective time point; † denotes
significant increase relative to Sham condition; p < 0.05 (N = 3-6 mice/group/time point).
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F) Representative images of Sirius Red histochemistry of interstitial collagen content.
Scale bar=50 µm. G) Quantification of Sirius Red area as a percent of total muscle
area. Data are presented as the fold-difference from the Vehicle Sham condition within
each experimental paradigm. ‡ denotes significant main effect for SC-Dep; † significant
increase relative to Sham condition; p < 0.05 (N = 4-7 mice/group/time point). H)
Plantaris muscle mass normalized to body weight. † denotes main effect for surgery; *
denotes significant difference between SC-WT and SC-Dep within the respective time
point; p < 0.05 (N = 6-9 mice/group/time point). I) Quantification of the average crosssectional area of the different fiber types. † denotes main effect for surgery; p < 0.05 (N
= 6-9 mice/group). Data presented as Mean ± SEM unless otherwise stated. Data for
SC-WT and SC-Dep animals in Panels F and I has be re-created from previously
published data (Fry et al., 2014) for comparison to the effects of SC-WTSA1 and –
DepSA1.

Figure 6. Model of the interaction between satellite cells and muscle fibrogenic
cells during the acute phase of ECM remodeling and myofiber hypertrophy.
Satellite cells become activated by mechanical overload, proliferate and secrete
exosomes into the extracellular niche. The exosomes containing miRNA, including
miR-206, are released from the activated satellite cells/MPCs, which then dock and
release their contents into nearby muscle fibrogenic cells. MPC-enriched miR-206
binds the Rrbp1 mRNA 3’-UTR, leading to a reduction in both mRNA and protein
content, which is associated with reduced collagen mRNA expression in muscle
fibrogenic cells. This regulatory mechanism is imperative during the first week of

34

mechanical overload, the time when ECM remolding and collagen expression is the
highest, in order to facilitate appropriate remodeling and prevent fibrosis. The absence
of activated satellite cells during this critical remodeling period results in unregulated
expression of Rrbp1 and collagen, resulting in increased ECM deposition and
attenuated myofiber growth. Dashed inhibitory line represents unspecified Rrbp1
negative regulation of collagen mRNA expression.
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